Abstract -We present VASP calculations using the HSE functional for carbon, nitrogen, and boron-doped BaTiO3−xXx (X = C, N, B). We calculate a 40-atom supercell and replace one oxygen atom by C, N, or B. For all three substituents we find a magnetically ordered groundstate which is insulating for C and N and half-metallic for B. The changes in the electronic structure between the undoped and the doped case are dominated by the strong crystal field effects together with the large band splitting for the impurity p-bands. Using an MO picture we give an explanation for the pronounced changes in the electronic structure between the insulating non-magnetic state and the as well insulating magnetic state for doped BaTiO3. p-element-doped perovskites could provide a new class of materials for various applications ranging from spin-electronics to magneto-optics.
While magnetic order is most common in metallic materials containing narrow bands of d-or f -electrons, the magnetic polarization of p-electrons has been investigated only during recent years. Triggered by the growing interest in spintronics materials the search for magnetic semiconductors or for half-metals used for spin-injection produced quite a number of new materials classes. These comprise stoichiometric phases like zinc-blende CaAs [1] where the magnetic moment appears for the As p states or, e.g., carbon substituted CdS [2] where the introduction of holes by replacing C for S leads to a polarization of the carbon p states. In both systems the p states form narrow bands at the bottom or inside the semiconducting gap so that the resulting density of states (DOS) at the Fermi energy is large enough to fulfill the Stoner criterion. Due to the partial filling of the p states most of these systems loose their semiconducting properties and become halfmetals. Another mechanism for p-electron magnetism was proposed recently for nitrogen dimers in MgO [3] , where ferromagnetic coupling of the 2p holes is controlled by an intersite Coulomb interaction due to the directionality of the p-orbitals. The aim of our investigation is to find materials which remain in the insulating or semiconducting (a) E-mail: phm@cms.tuwien.ac.at state but at the same time show magnetic order. An excellent review of the theory of dilute magnetic semiconductors can be found in ref. [4] and references given therein. A further motivation was that the magnetically ordered states inside the gap couple to the electronic structure of the ion lattice and may allow a magnetic manipulation of the electrical polarizability. Such a behavior can lead to the so-called multiferroic properties which are expected to be of high technological potential [5] [6] [7] [8] . The major players in this game are the perovskites. For this class of compounds there exist magnetic varieties like SrRuO 3 as well as high-permittivity systems like SrTiO 3 and BaTiO 3 . This implies to replace the non-magnetic 3d metal by a magnetic one leading, e.g., to the compound BiFeO 3 which combines both properties being at the same time magnetic and an insulator with large [9, 10] . Motivated by the before mentioned p-electron magnetism we tried a different route and performed first-principles calculations of the electronic and magnetic structure of BaTiO 3 doped with C, N, and B. These calculations are done for a simple cubic 40 atom 2 × 2 × 2 supercell where one oxygen is replaced by the dopant atom. Since for these systems there are well-known deficiencies of the local spin density approximation (LSDA) or the spin-polarized generalized gradient approximation (GGA) in determining the proper gap size 67008-p1 and [11] [12] [13] and the position of the impurity states [14] we perform our calculations using the hybrid density functional in the HSE06 version [15] which replaces part of the GGA [16] exchange by the exact exchange from HartreeFock. All results are obtained using the projector augmented plane-wave method [17, 18] as implemented in the Vienna ab initio simulation package (VASP) [19] , by explicitly incorporating the semi-core s and p states for Ba and Ti, and the 2s states for O, B, C, and N, respectively. In order to avoid Pulay stress and related problems, plane waves up to a cutoff energy of 600 eV were included in the basis set. The Brillouin zone integration was performed over a 4 × 4 × 4 Γ centered Monkhorst-Pack k -mesh with a Gaussian broadening of 0.1 eV. The total energy was converged to 1 × 10 −6 eV. The position of the ions as well as shape and volume of the unit cell were relaxed until all force components were less than 0.01 eV/Å.
As a paraelectric parent phase we assume cubic undoped BaTiO 3 (BTO). The HSE calculated insulating indirect gap (R to Γ) is 2.92 eV which compares well with experiment [20] giving 3.2 eV (for PBE the gap is 1.70 eV). The HSE equilibrium lattice constant amounts to 3.995Å for a simple cubic cell (experiment 4.00Å [21] ). For a detailed comparison of LDA and HSE calculations for BaTiO 3 and SrTiO 3 see ref. [14] .
Substituting one carbon for oxygen breaks the cubic symmetry of our BTO:C supercell and leads to a small tetragonal distortion, which would vanish in case of randomly distributed dopants. Clearly, the atomic size of the dopant is important as deduced from the distance d Ti-X between Ti and the dopant atom X which increases in the order of X = N, C, B causing the aforementioned small tetragonal distortion and concomitant increase of the cell volume. A summary of the calculated results is given in table 1.
With the carbon substitution we introduce 2 holes which should result in a magnetic moment of 2µ B and a half-metallic state as in C substituted CdS [2] . We indeed find a magnetic moment of 2µ B per supercell, but with an insulating ground state. It turns out that in the perovskite structure the impurity interactions are completely different from, e.g., C substituted CdS with a tetrahedrally coordinated C impurity. In BTO the local symmetry for the octahedral O vertices and hence around C is tetragonal so that the C p states split locally into p z , pointing to the 2 NN Ti atoms and p x ,p y which mainly interact with oxygen. Clearly, for a randomly doped compound there are as many C atoms with NN Ti neighbors along x or y, but that does not change the physical picture as the splitting depends on the local interaction around the C atom, i.e. the different hybridization of the C p-orbitals with the surrounding Ti and O atoms. Figure 1 shows the DOS for the non-magnetic and magnetic states of BTO:C. In the non-magnetic case the carbon p states appear at the bottom of the gap. Switching on the interactions, the C p z states become broadened by the interactions with the Ti eg states, whereas the C p x ,p y states interact with the Ti-O bands both below and above the gap forming two peaks at the bottom and the top of the gap. Depending on the respective energetic distance the lower peak has an admixture of Ti and O states whereas the admixture of the upper peak is dominated by Ti. Given the calculated DOS carbon must be formally in a C 2− state to form an insulating groundstate. However, from the DOS one sees that there exist also sizable covalent interactions between C and Ti for the C p z -orbital forming a σ-bond (see fig. 2 for the charge density along Ti-C) and between C and O for for the p x ,p y states forming weaker π-bonds.
In fig. 3 we show a MO-diagram with the major interactions. Below the gap there are mainly O states with a small admixture of Ti t2g and Ti eg , above the gap one finds the unoccupied Ti d states with a respective small contribution from oxygen. By inserting carbon the carbon states occur at the bottom of the gap. Due to the local tetragonal symmetry the p x ,p y states interact mainly with oxygen and the Ti t2g states forming peaks at the bottom and the top of the gap. Due to their symmetry the p z states would interact with the Ti eg states. However, since these 67008-p2 Ti eg states are energetically far away from the C p z states, this interaction is only weak, so that the C p z remain, only slightly broadened, at the bottom of the gap. If carbon would remain in its atomic state, its 2 p-electrons would fill the overlapping p z -p x ,p y states at the bottom of the gap resulting in a metallic state. From our calculation we find, however, that the C impurity mixes with the oxygen band and occurs in a formal oxidation state C 2− . The additional 2 electrons now completely fill this p z -p x ,p y manifold so that also for the non-magnetic case an insulating state occurs.
When spin polarization is allowed, our calculation converges again to an insulating groundstate but with a magnetic moment of 2µ B per carbon atom. In fig. 4 we show the respective interactions. It appears that the magnetic band splitting acts differently on the p z states and the p x ,p y states. The p z -orbitals remain fully occupied and the resulting band splitting is small since no energy can be gained by splitting completely filled bands. For spin-up the carbon p x ,p y states are pushed downwards by the exchange splitting, however due to the repulsive potential of the completely filled oxygen band they only form a narrow impurity peak just above the valence band. In the magnetically ordered state the orbital distribution and occupation for the p x ,p y states has changed completely. For spin-up we find all p x ,p y ,p z states occupied with 3 electrons at the bottom of the gap. For spin-down only the p z states remain occupied with 1 electron, while the strong exchange splitting of about 4 eV pushes the p x ,p y states inside the conduction band where they split into 2 peaks due to the interaction with the Ti t2g manifold and remain unoccupied. As a result the 4 p-electrons of C 2− form a magnetic insulator with a moment of 3 − 1 = 2µ B . It should be noted that the large band splitting of 2 eV/µ B for carbon fits very well into the respective large values found for the early metallic elements [22] . To make sure that this peculiar electronic structure is not an artifact of the HSE06 functional we repeated these calculation applying a standard GGA-PBE functional [16] , which apart from the usual shortcomings concerning gap size etc., yielded the same result. To get an idea about the magnetic coupling between two impurity moments, we preserved the impurity concentration by doubling the supercell along the c-axis and find a very small preference for anti-ferromagnetic order by about 0.4 meV/impurity for these maximally separated impurities.
Substituting nitrogen for oxygen introduces one hole and yields an insulating groundstate with a magnetic moment of 1µ B . As the electronic structure has the same features as in the carbon case, nitrogen has to be formally in a N 2− state. Since atomic N has 1 more electron than C the nitrogen p-bands are deeper inside the valence band which increases the interaction of oxygen with the N p x ,p y states. The lower panel of fig. 5 shows the respective DOS. It should be noted that for the spin-down band the p x ,p y states remain split into two peaks (see the case 67008-p3 C. Gruber et al. of non-magnetic BTO:C, fig. 1 ) where only the lower one becomes occupied. The remaining unoccupied p x ,p y -band sits just below the conduction band so that the magnetic moment is given by 3 − 2 = 1µ B . The case of boron substituted for oxygen is again different. Atomic boron has only one p-electron so that the B bands enter at the top of the gap. While there is still some interaction of the B p z states with Ti leading to a respective broadening, the interaction of the B p x ,p y -orbital with oxygen is weaker than for the two latter systems, however also boron is in a B 2− state. In the magnetic state again the B p x ,p y states remain split into an upper and lower band. For spin-up the lower band sits on top of the p z states, whereas for spin down both peaks are shifted upwards by about 2 eV into the conduction band (see upper panel of fig. 5 ). The 3 p-electrons of B 2− are distributed as follows: for spin-up one p z -orbital and the lower p x ,p y -band becomes occupied, for spin-down just the p z -orbital which results in a magnetic moment of 2 − 1 = 1µ B . Due to the position of the boron p states at the top of the band gap, B doped BTO:B is a half-metal.
In our first principles study we performed VASP supercell calculations using the HSE functional for carbon, nitrogen, and boron doped BaTiO 3−x X x (X = C, N, B) for the actual compositions Ba 8 Ti 8 O 23 X. For all three substituents we find a magnetically ordered groundstate which is insulating for C and N and halfmetallic for B. On substituting oxygen by a dopant, the local tetragonal symmetry together with the strong crystal field and the magnetic band splitting of the impurity states has significant consequences on the interaction of the dopant p states with the states of the BTO parent electronic structure. While the p z states, pointing to the neighboring Ti atoms are located at the bottom of the gap, the p x ,p y states become split and change their interaction dramatically between a non-magnetic and a magnetically ordered state due to the large band splitting of about 2 eV/µ B . Table 1 summarizes the results of our calculations. For N substitution where the spin down p states lie completely within the parent BTO gap, a lower and an upper gap appears. For both the magnetic ground state and the nonmagnetic state C and N doped BTO is an insulator. For boron doping the impurity bandwidth is increased so that a half-metallic ground state is formed. We want to emphasize that the peculiar interaction mechanism for the impurity p states revealed by our calculations could serve as a guiding mechanism for future investigations of magnetically ordered semiconductors or insulators. * * *
